Aging creates needs for assistive technology to support all activi ties of daily living (meal preparation, dressing, social participation, stove monitoring, etc.). These needs are mostly addressed by a silobased approach that requires a new assistive service (e.g., a reminder system, a pill prompter) to be acquired for every activity to be sup ported. In practice, these services manifest their silo-based nature in their user interactions, and more specifically, in the heterogeneity of their notification system. This heterogeneity incurs a cognitive cost that prevents scaling up assistive services and compromises adoption by older adults.
INTRODUCTION
Despite the many technological innovations available to assist older adults with cognitive decline in their daily life [31] , their silobased nature makes it a challenge to aggregate them as the older adult requires more services to assist an increasing number of daily activities. 1 A proliferation of technology-based services incurs an unrealistic cognitive load for the user, as documented in the litera ture on aging [34] . A key obstacle to scaling up technology-based assistive services is the heterogeneity of their user interfaces: be cause most existing services are developed using a silo-based ap proach, they impose their own specific interfaces. Older adults thus need to learn these interfaces, even though they often are not profi cient with technology. The cognitive cost of this learning process may outweigh the potential benefits of the assistive device, prevent ing its adoption [22] .
The range of services needed to assist older adults is so wide and diverse that attempting to unify their user interactions appears unrealistic. Yet, a close examination of existing services permits to outline a decomposition of their user interactions into two cate gories: notifications and task-specific interactions. In this context, notifications are issued by assistive services to provide the user with some information such as a situation and an event. As an example, consider a reminder system where notifications request the user's attention when an event has occurred, displaying the event infor mation. These notifications can be made generic to cover, not only the reminder system, but a variety of assistive services, lowering their cognitive cost. Task-specific interactions are those mainly con cerned with configuring the assistive service and feeding it with data, if necessary. For example, if the reminder system relies on a shared Web calendar, its network address needs to be defined at con figuration time via task-specific interactions. As well, new events need to be entered in this service via task-specific interactions.
Reviewing existing assistive services [14] reveals that this decom position can be applied to most of them. Furthermore, according to interviews we conducted with stakeholders, task-specific inter actions are often performed by professional and family caregivers. For example, events are entered in a calendar by caregivers (doctor appointments, visit of a family member, etc.). In practice, our ap proach can accomodate existing assistive services by wrapping their notifications with a software layer, or be used as a basis to design new assistive services. In both cases, our approach provides guide lines to define notifications for assistive services. For the service developer, these guidelines take the form of an API. This paper. We present an approach towards unifying interactions between the user and assistive services. This approach consists of a decomposition method that separates user interactions into taskspecification ones and notifications. Then, notifications are homog enized to facilitate the recurring usage of the assistive services. In practice, we provide an API to support notifications and to enforce their homogeneity. Besides the API, notifications are further ho mogenized by the use of a unique channel between the user and the assistive services. In the first implementation of our platform, this unique channel corresponds to a tablet. By enforcing the use of an API and unifying the presentation of notifications on a tablet, new assistive services can be introduced without incurring additional cognitive cost, aside from the task-specific interactions.
To validate our approach, we show how it successfully applies to a number of existing and new services that cover the three main domains of assisted living, namely, monitoring of activities of daily living (ADLs), safety and security, and social participation [27] . Specifically, our proposed API is implemented in an assisted living platform that has been deployed at the home of 15 older adults, aged 81 on average. Furthermore, we are conducting a field study, using our platform equipped with a variety of assistive services, at the home of older adults. Preliminary results show that our approach to scaling up the assistive services via a uniform notification sys tem is effective and learnable, and achieves user acceptance and satisfaction. Finally, our field study allows us to go beyond a lab study: we put into practice our notification framework with assistive applications and test our implementation in the wild.
RELATED WORK
Cognitive cost of assistive services. Using assistive services incurs a cognitive cost for users. As showed by Lindenberger et al., an assistive service may not be adopted, if the resources (physical and cognitive) it requires, outweigh the payoff [22] . Beyond the cost of an assistive service, Sherer et al. recommend that a user with cognitive decline should not be introduced to more than three as sistive tools, to prevent the older adult from being confused and overwhelmed [34] .
These works identify the limitations to introducing services for assisted living purposes. They call for approaches to facilitating in teractions with assistive services and lifting the limit on the number of services a declining older adult can cope with.
Design principles for older adults. Designing technology for older adults have been studied extensively by the HCI community. A comprehensive account is given by Fisk et al. [12] ; it includes the characterization of older adult users, a presentation of design prin ciples and guidelines, and examples illustrating the approach. As promoted by the authors, user-centered design should drive the de velopment of assistive systems, taking into account the characteris tics of aged-related declines in abilities.
Fisk et al. concentrate on the development of assistive tools from a unitary perspective. Not only does this perspective yield silobased technologies, but it does not address the issue of combining these technologies. As increasingly many assistive technologies are needed to address the difficulties of the aging user, a unifying approach is needed to scale up the assistance.
Notification systems. Most studies on notification systems investi gate the costs, benefits and the optimal display of notifications in the context of desktop and mobile computing tasks [26] . Some works are centered on the human attention system and study the effects of notifications on ongoing computer tasks (e.g., [24] ). To guide the evaluation of notification systems, McCrickard et al. propose a design model of user goals that is based on three critical parame ters: interruption, reaction, and comprehension [25] . The design of our notification system addresses each of these parameters. Other works of notification systems examine notifications in the context of users with sensory impairments and assess the disruptiveness and effectiveness of notifications using multimodal interactions [38, 39] . User acceptance of notifications has also been explored; Vastenburg et al. conducted a user study of acceptance of notifications in a con trolled home setting [36] . They show that user acceptance depends on whether the level of intrusiveness of a notification is related to its level of urgency. We use this key finding to structure our model of notifications.
Assisted living platforms.
There is a range of platforms for assisted living aimed at older adults that have been developed for more than a decade, as surveyed by Chan et al. [6] and Rashidi and Mihai lidis [31] . Most of these platforms are used in a setting where participants come to a research apartment to perform certain tasks (e.g., [31, 30, 1] ). This setting makes it difficult to assess user accep tance and satisfaction of the proposed approaches because the user does not interact with the technology on a daily basis, over a period of time. Furthermore, older adults adopt routines to optimize their daily functioning at home [3] . This situation calls for field studies in a naturalistic setting to strengthen the evaluation of assisted living platforms.
Area-specific assistive services. The HCI community has proposed principles and guidelines to design assistive services that target spe cific needs of older adults. This includes family/peer interaction (e.g., PeerCare [32] and Message Center [41] ), monitoring daily ac tivities (e.g., Digital family portraits [33] and DigiSwitch [4] ), and monitoring health-related activities (e.g., medication taking [20, 21, 17] ).
Our work explores how a notification framework can contribute to scaling up the combination of silo-based assistive services across domains of assisted living, while achieving user acceptance and satisfaction.
A UNIFYING FRAMEWORK FOR NO TIFICATIONS
This section presents our framework, which unifies notifications of assistive services. To do so, we first introduce how user interac tions can be split into two groups: notifications and task-specific interactions. Second, we define a model for notifications that con sists of two types of interactions, their interaction protocol, and their API. Third, we instantiate this model by showing how a tablet can be used to realize notifications. Last, we briefly present an assisted living platform that implements our proposed framework.
Throughout this section, we illustrate our approach with exam ples of assistive services taken from all domains of assisted living. Each step of our approach is instantiated with one of these exam ples. A selection of all the examples we have studied is presented in Figure 1 .
Decomposing Interactions
Task-specific interactions mostly involve providing both configu ration parameters and specific data to an assistive service. For assis tive services that are networked, typical configuration parameters include network parameters, privacy requirements, and caregiver contact information. Let us examine our decomposition of interac tions with respect to the main domains of assisted living. For the domain of ADLs, consider the example of a pill prompter: an as sistive service that reminds the user of medication to be taken. An example of a task-specific interaction for this service is to enable the caregiver to define/update a doctor's prescription. Another example is to customize the service by defining the snooze length for alerts. Notifications include issuing a reminder to take pills and an alert when the prescription is about to expire. For the domain of safety and security, consider the example of a door monitor; this assistive service aims to prevent the entry door of a home from being left open and unattended. Task-specific inter actions for this service includes its adaption to the user's needs and preferences. For example, the service may be parameterized with respect to the time during which the door can be open unattended, and the period during which door activities are considered to be daytime. Notifications consist of alerting the user when the door is left open.
For the domain of social participation, let us take the example of an email notifier. This assistive service notifies the user when (s)he receives email messages. Task-specific interactions for this service include setting the email account, parameterizing the occur rences of notifications (w.r.t. number of messages, specific senders, etc.). Notifications consist of informing the user of new message(s) (possibly displaying an excerpt from message(s)).
A Model for Notifications
Now that interactions have been classified as task specific and notifications, we need to further work on the notifications by intro ducing a model of interactions. This model is simple but realistic in that it has been applied to a range of existing and new assistive services (see Figure 1 ).
Notification Types
Field experiments show that user acceptance of notification sys tems depends on the level of urgency of the messages (e.g., [35] ). To account for this key finding, we defined two categories of no tifications: non-critical and critical. Non-critical notifications are the ones that do not need to be immediately attended to by the user; they announce a situation or an information. In contrast, critical interactions correspond to situations of assistance that may involve safety or security; the user's attention is thus requested. Determin ing whether a notification is non-critical or critical depends on a number of parameters, such as the nature of the assistive service, the target user, the user environment, etc. Not only do we intro duce these types of notifications at a conceptual level, but we also provide mechanisms to ensure that this distinction is propagated throughout the development of an assistive service so as to deliver an appropriate level of intrusiveness.
A major benefit of the critical/non-critical dichotomy is that it allows to reduce the cognitive cost of both the interpretation and the decision making process relative to notifications. Such approach is highly recommended for older adults [22] .
For our deployed assisted living platform, examples of non-critical notifications include an email notice, an event reminder, and a fridge door monitor. These assistive services do not depend on whether the user acknowledges their announcements. Critical interactions have been used for applications such as the entry door monitor, the stove monitor, and the activity monitor. In these examples, the absence of user input typically leads to eventually solicit a caregiver. More examples can be found in Figure 1 
Interaction Protocols
As reported by Vastenburg et al., user acceptance of notifications in the home can be improved by adjusting the level of intrusive ness of the presentation to the message urgency [36] . As a result, non-critical and critical notifications call for different interaction protocols. The protocol for non-critical interactions is that a situ ation or some information is announced. We propose that after a given time, if the user has not attended to the notification, it dis appears and is assumed to be accumulated with other unattended non-critical notifications.
Critical notifications require user input because, by the definition given above, they involve safety or security. Consequently, when an assistive service issues a critical notification, we propose to give it a high level of intrusiveness to match the high value of the mes sage [36] . Specifically, the notification will be repeated until the user responds. Furthermore, after a given time, the service will take emergency actions, such as turning off the stove and, in most cases, calling a caregiver.
An API
Our model is mapped into an API to enforce it at development time. In doing so, the programmer of an assistive service imple ments the service notifications following the notification types de termined by the human factor expert for a given target user profile. Each user profile takes into account the dimensions relevant to the task to be assisted: the physical status, the functional status and the cognitive status. Typically, a door alert will trigger a non-critical notification for users with very good autonomy and a critical no tification for lesser autonomous users. The collaboration between the programmer and the human factor expert is essential to ensure that the level of intrusiveness of the notification corresponds to the urgency of the situation and the user profile. In practice, our plat form allows for different applications to be available for a given task (e.g., door monitor) thanks to an online catalog. As a result, users with different profiles will be given different assistive services. This approach contributes to achieving user acceptance. Figure 1 provides examples of notifications, whose types (rightmost column) are defined with respect to the user profiles of our user study.
Notice that our API abstracts over the way notifications are im plemented. As will be discussed next, they may be carried out with a tablet. In principle, other devices could be used such as a TV or even a smart phone. We describe the main operations included in our API at a conceptual level, omitting the programming details.
A non-critical notification corresponds to an operation that takes a title, a notification content and an image. The title is used to cate gorize the notification in a pre-defined list (e.g., caution, reminder, FYI). The notification content corresponds to the message to be de livered to the user. An image can be used when dual coding (image and text) improves user performance to respond to the notifications of the application, as suggested by Warnock et al. [39] . Render ing the image depends on the functionality of the device used for interactions.
Because of its nature, a critical notification prompts the user to provide information that allows the application to take a course of action. Consequently, in addition to the input parameters of the non-critical notification, the critical one also takes a list of possible responses for the user to choose from. The user selects one of them to answer the question that corresponds to the notification message parameter.
Finally, it could be argued that our API prevents existing assistive services from being reused. In most cases, reuse can be achieved by wrapping an existing service with our API. This strategy is facil itated by the fact that assistive services are commonly implemented in the form of a Web service. In this case, we implement a soft ware layer that operates the target Web service and calls our API whenever notifications need to be sent to the user.
An Interaction Support: A Tablet
We now instantiate our model of notifications with respect to a device, namely a tablet. Older adults have been shown to adapt well to touchscreen tablets [12] and to perform better than with the desktop and mouse [11] . As well, a key advantage of this device is that it can autonomously support interactions with a user, unlike a TV that requires a remote control for user input. To account for the capabilities of our target users, we strive to minimize the attentional resources required by assistive services. To do so, we increase multisensory integration to render notifications, making it easier to discriminate between notification types for older adults [18, 28] . In practice, we leverage the features of the tablet to implement multi-modal coding of notifications, integrating tones, shapes, colors, and text. Let us now examine how our approach is carried out in practice and what benefits are brought to the user.
To allow the user to distinguish between non-critical and critical notifications, a specific tone was chosen for each type of notifica tions. As a result, users can quickly make the difference and do not bother going to the tablet when they hear a non-critical notification and are busy doing something else. To reduce the level of intru siveness for non-critical notifications, our implementation uses a softer volume and tone for these notifications than for critical ones. By reducing the intrusiveness of these interruptions, we address the first of McCrickard et al.'s critical parameters of notification systems [25] .
In addition to using different tones, we also use two different visual frames to display non-critical and critical notifications. Ex amples of notifications are displayed in Figures 2 and 3 . As can be noticed, notifications are surrounded by a different shape, depend ing on their criticality: a green circle for a non-critical notification and an orange rectangle for a critical one. This strategy further re duces attentional resources and improves the ability for the user to distinguish between the two types of notifications, lowering the cog nitive cost for making a decision. As such, this strategy improves the reaction to notifications using preattentive processing, thus ad dressing the second of McCrickard et al.'s critical parameters of notification systems [25] . Note that in the current implementation, images are not used for notifications.
Figure 4: An example of a list of unattended notifications
Non-critical notifications can be attended at a later time by the user. In this case, they are gathered and are accessible by the user at their convenience. Unattended notifications are signaled to the user by the icon in the right corner of the tablet screen. This is illus trated in Figure 5 where the number of unattended notifications is displayed in a blue circle, at the top right corner of the screen. In Figure 4 , we show a list of unattended notifications that the user can access by touching on the blue triangle. In contrast, a critical noti fication does not disappear from the screen and the tone is played periodically, until the notification is handled by the user.
Towards addressing the comprehension parameter of McCrickard et al.'s model [25] , we keep messages short and located at the cen ter of the notification window. To further explore this parameter, it needs to be considered in the context of assisted living. For critical notifications, the goal of the system is for the user to understand the message and resolve the safety-critical situation that triggered the notification. As explained earlier, the notification repeats until the message is understood and the situation resolved. For non-critical notifications, the message can be kept in the list of unattended noti fications until the user decides that remembering the information is no longer necessary.
Notice that the API can be leveraged to enrich the interaction with the user. For example, a light could be used in addition the tablet to signal a notification. As is proposed by devices such as HUE by Philips, 2 we could even use a different color to indicate whether the notification is non-critical or critical. Along the same line, notifications could be played to the user via a voice synthesizer. These choices allow to tailor the presentation of notification to the user's preferences, improving their satisfaction and adoption.
Finally, introducing an API allows to factorize the expertise in designing user interactions that are adapted to older adults. In par ticular, the format of the notification text is defined by default ac cording to the standards used for older adults and disabled users (ISO 22411). 
The Assisted Living Platform
Our proposed approach is been carried out in practice in a plat form for assisted living, dedicated to older adults. This platform is based on a range of building blocks, both hardware (e.g., motion detector, contact sensor, smart switch) and software (e.g., calendar, photo album, address book). In addition, the user is provided with a tablet, which is stationary, plugged, and located at a central location in the user's home. Interactions between the user and the assistive services revolve around this tablet. To prevent the tablet from stig matizing the user, when it is idle, it becomes a digital frame, as shown in Figure 5 . This service streams photos from a shared al bum (e.g., Picasa photo) that can be updated by family members and friends; it greatly contributes to the user acceptance and satisfaction of the platform.
Figure 5: Digital frame
For the sake of completeness, note that the tablet provides the user with a control mechanism (top left corner of the screen) that allows to pause the platform at anytime for different durations.
Deployed Services
The assistive services of our field study cover the three domains of assisted living. Safety and security are addressed by two assistive services that monitor the entry door. During daytime, one service prompts the user when the door is open and left unattended for a given period of time. During nighttime, another service alerts the user when the door is opened. Both services use a critical interaction and solicit a caregiver if the user does not respond to the alert.
ADLs are covered by an application that reminds the user to perform a given set of activities (e.g., preparing a meal, dressing), when they have not been performed within a time window. This application leverages work on activity detection by Caroux et al. [5] . In this domain, another application sends reminders to the user prior to the due date of utility bills. Finally, a service monitors the fridge door to ensure it is not left open for too long.
Regarding social participation, an email notifier announces social events for older adults, organized by their municipality. Another service sends a notification when new email messages have been received by the user.
For the sake of completeness, note that other assistive services, beyond the scope of this work, are running in our participants' home. As mentioned earlier, when the tablet is idle, it turns into a digital photo frame. This service can be seen as stimulating social partic ipation because family members and friends share their photos on this album. This digital frame does not require any interaction from the user. Another assistive service provided by our platform is a light path, to guide the user to the bathroom at night. This light path is controlled by the switch of a bed light. Here, we leverage an existing interaction to control the assistive service. 
DESCRIPTION OF THE FIELD STUDY
In this section, we present a field study aimed to validate our ap proach. We first evaluate the effectiveness and learnability of our notification system for older adults. Then, we assess the user experi ence by measuring user acceptance and satisfaction. This evaluation is based on the interactions triggered by the assistive services of our platform, equipping the homes of our study participants. From the user's perspective, the tablet serves service notifications and materi alizes the assisted living platform. Indeed, the hardware infrastruc ture of the platform consists of unobtrusive entities, such as motion detectors, contact sensors (battery powered), and smart switches; they are wireless and placed at discreet locations. Software entities are Web services accessible via Internet and only visible through the stimuli they generate for the platform (e.g., events). We provide empiral evidence that the notification system of our assisted living platform is suitable for older adults, even with cognitive and/or sen sory loss.
Our assisted living platform was deployed in the house of 15 community-dwelling older adults (see below) for a 6-month period. Every six weeks, interaction data and questionnaires were collected to measure the longitudinal effect of the platform adoption. This data collection took place in the house of the participants and was performed by a research member of our group.
Note that the ecological nature of our field deployment requires a cautious approach considering that our participants are old older adults (81 years old on average). The assisted living platform man ages potentially critical situations (e.g., door alert) that preclude the use of an unsuited notification system. Indeed, deploying an unsuited notification system to achieve a control condition for an experimental setup could have deleterious consequences for the par ticipants [40] . This situation would rightfully raise serious concerns from an ethical committee.
Participants
We recruited 15 community-dwelling, old older adults. This was done in collaboration with a public home care service for older adults. We selected participants that live alone in their apartment or house. This choice addressed four key issues. First, this situation simplifies the design space of most assistive services (e.g., no usersensitive context). Second, assistive services can be customized with respect to a unique user, contributing further to user acceptance and satisfaction. Third, as reported in the literature [23] , having multiple occupants in a home introduces sources of errors when monitoring activities. In turn, this situation has a negative effects on assistive services that are context sensitive, such as the ADL reminder. A final argument is that older adults living in couple are most of the time assisted by their spouse, and thus are less prompt to request for assistance.
As described in Figure 6 , our participants were recruited accord ing to specific exclusion criteria: dependency syndrome; neurolog ical or musculoskeletal disease or systemic disorders. The main inclusion criterion was cognitive integrity with an MMSE (Mini Mental State Examination) [13] score greater than 24 [2] . Accord ing to the Helsinki declaration (WMA, 2008), approval was sought and obtained from the ethics committee of the University of Bor deaux. All participants provided a written consent form prior to the participation in our study.
We assessed their functional status for some activities of daily living. First, we evaluated their performance in IADLs, using the timed-IADL assessment test [29] . A participant is asked to perform an activity with a time limit. If the activity is achieved without error and without exceeding the time limit, a score of 1 is given. A score of 3 means that the participant has major difficulties to perform Figure 6 : Participant profiles the activity. We tested our participants on five different activities; this gave scores ranging from 5 (ideal performance) to 15 (major difficulties). In Figure 6 , we observe that our 15 participants obtain near ideal scores (5). We conclude that our participants show no difficulties in performing IADLs and have a high level of autonomy.
Then, we asked them to self-assess their functional status, using the 9-item IADL scale [19] . For each item, the participant assesses their performance: 1 denotes no difficulties and 5 denotes major difficulties. This tool shows that we have a variety of participants in the way they see themselves performing ADLs; it ranges from 15 to 36, on a scale of 45. In summary, our participants perform well in their ADLs, although they perceive themselves as experienc ing difficulties. From these data, our participants exhibit a normal cognitive decline, along with complaints related to their everyday functioning.
Finally, to measure participants' cognitive resources, we summed two scores of widely used scales assessing cognitive functioning: the Dementia Rating Scale -2 (DRS-2 4 ) [16] and the Frontal As sessment Battery (FAB 5 ) [10] . Sensory resources were measured using 2 items with 3 modalities (from 0 -poor abilities, to 2 -no impairment) regarding vision or audition.
Timed usage scenarios
Inspired by the timed-IADL assessment [29] , we designed a test tool to measure the user's performance in using the tablet with two everyday usage scenarios, involving a critical interaction and a non critical one. The two usage scenarios used are defined in Figure 7 .
These two usage scenarios were selected from the deployed ser vices because they are easy to implement. This test ranges on a scale of 3; the score depends on the type and number of errors made by the user, and whether the task was performed within the allo cated time. A score of 3 denotes a task performed without errors and within the allocated time. A score of 2 corresponds to a task performed with minor errors but within the allocated time. A score of 1 is when the user did not complete the task or made major errors.
Data Collected
As mentioned earlier, we evaluate our approach by collecting measures of effectiveness and learnability of the notifications, as well as user acceptance and satisfaction of the assisted living plat form. The period covered by our study starts six weeks after the platform is installed and ends after six month of using it, with data collected every six weeks (at 1.5, 3, 4.5 and 6 months of use). 20s.
Non critical
The user is in front of the tablet; the experimenter has scheduled an appointment; a notification ap pears
Reminder: Your appointment to the doctor is at 2:00pm "What is happening and how should you react?" "I have an appoint ment to my doctor at 2:00pm"; the user presses the OK button 15s.
Figure 7: Timed Usage Scenarios
Effectiveness and learnability. Our measure of effectiveness is the score given by the usage scenarios presented above. Our measure of learnability refers to the interaction duration to perform the task, measured in seconds. As mentioned earlier, we assessed effective ness and learnability four times during our six-month study (every six weeks).
User acceptance. Our approach to measure user acceptance was inspired by an existing online tool proposed by Hassenzahl [15] . 6 This measurement decomposes acceptance into five dimensions: er gonomic quality, hedonic quality, appealingness, anxiety and safety perception, and social influence. Answers to the questionnaire range over a scale of 7 points, from -3 to 3, including two antonyms (e.g., nervous/relaxed). Each acceptance dimension of the questionnaire consists of 6 items. The global score (from -3 to 3) is computed by averaging the scores of the answers collected for the questionnaire. High acceptance is denoted by a high score.
Importantly, we did not use the Technology Acceptance Model (TAM) that stresses the perceived usefulness and perceived ease of use as the main attitudinal factors towards technology acceptance [8, 37] . Indeed, Chen and Chan conducted an experimental study in volving 1012 seniors and demonstrated that technology acceptance is predicted by user characteristics, rather than attitudinal factors (perceived usefulness and ease of use) [7] . As a result, we decided to measure user acceptance beyond the two main attitudinal fac tors of TAM, including dimensions related to user experience using Hassenzahl's tool [15] .
User satisfaction. We used the QUEST questionnaire [9] to measure user satisfaction. Each item of this questionnaire is evaluated on a scale ranging from 1 to 5. A value 1 corresponds to 'not satisfied at all' and a value 5 to 'very satisfied'. The questionnaire consists of 12 items and the total score is on a scale of 5. A high score denotes a high user satisfaction with the technology.
ANALYSIS
We now analyze the longitudinal measures of effectiveness and learnability over our 15 participants, for both critical and non-critical interactions with the tablet. Then, we analyze the measures of user acceptance and satisfaction. In addition, for each measure, we eval uate the impact of cognitive and sensory resources of the user to identify whether this system can effectively match the variability of the users in their declining abilities.
Effectiveness and learnability measures. Thanks to two usage scenarios of the user managing critical and non-critical notifications, we assessed effectiveness and learnability of the platform. The performances of our participants are shown in Figure 8 for effectiveness and in Figure 9 for learnability. To 6 http://attrakdiff.de study the evolution of these measures during the six-month period, we performed ANOVAs with the following statististical design: 2 independent factors [time of use (at 1.5, 3, 4.5 and 6 months) and notification type (critical vs. non-critical)], and effectiveness score or learnability time as dependent factors.
Effectiveness scores range from 0 to 3. Diamond for critical notifications / Square for non-critical ones.
Figure 8: Evolution of effectiveness
First, we can observe a significant improvement of the effective ness over the six-month period (effect of time: F(3.108) = 8.11; p <0.001). Moreover, the ANOVA's results indicate a significant effect of the notification type ( F(3.108) = 5.74; p = 0.018), with higher values for non-critical notifications, implicating that scores are significantly higher for this notification type. No interaction between our two independent factors (i.e., time × notification type) was observed (F(3.108) = 2.32; p = 0.080), which means that notifi cation types do not evolve differently in a significant way over the period of the study.
Globally, these results indicate an improvement of effectiveness to answer both critical and non-critical notifications over the course of the study. A maximal performance is reached after 4.5 months of using our platform; this maximal performance remains over time.
Regarding learnability, we observe a significant improvement of the performance over time (effect of time: F(3.108) = 10.45; p < 0.001), but no effect regarding the notification type (F(3.108) = 2.77; p = 0.100). However, the ANOVA analysis indicates a sig nificant interaction effect between the two independent factors (i.e., time × notification type) (F(3.108) = 2.65; p = 0.05), which means that the learnability of critical and non-critical notifications evolves differently over time. More precisely, at six weeks of technology use, participants take more time to answer to a critical notification than a non-critical one. However, at six months of use, users per form equally well, irrespective of notification type. These results can be explained by an effective learning of the platform over time, Finally, we performed two ANCOVAs with the following statis tical design: time of use (at 1.5, 3, 4.5 and 6 months) and notifica tion type (critical vs. non-critical) as independent factors, cognitive score (or sensory score) as continuous covariant factor, and effec tiveness score or learnability time as dependent factors. Results highlight that cognitive and sensory resources have no impact on effectiveness and learnability. Thus, this platform is usable by older adults and its learnability is irrespective of cognitive or sensory loss.
Longitudinal assessment of user acceptance. To measure user acceptance during the use of our platform, five dimensions of acceptance (ergonomic quality, hedonic quality, ap pealingness, anxiety and safety perception, and social influence) was assessed four times for our participants: 1) six weeks after the platform installation, 2) after 3 months of using the platform, 3) after 4.5 months, and 4) after 6 months. The longitudinal evolution of our five dimensions of acceptance was analyzed using MANOVA [5 dimensions (ergonomic quality, hedonic quality, appealingness, safety perception, and social influence) as dependent variables × 1 independent factor (time of measure)]. Figure 10 shows the ac ceptance scores given by our participants for theses measures, in addition to the mean score of these participants.
User acceptance scores from -3 to 3. Four measures during the study (at 1.5, 3, 4.5 and 6 months) repre sented by the four shades of blue.
Figure 10: Evolution of user acceptance
Statistical analysis failed to be significative (all the effects with p > 0.200 ), but we observe that high scores are obtained over the course of the study, with an improvement for the majority of vari ables, mainly for the ergonomic and safety perception dimensions. The global acceptance score shows a slight increase too.
Then, in order to investigate the implication of cognitive and sensory resources on technology acceptance, we performed ANCOVAs with the following statistical design: time (at 1.5, 3, 4.5 and 6 months) as independent factor, acceptance dimensions as dependent factor, and cognitive score (or sensory score) as continuous covari ant factor (Figure11). When a significant effect was found, we used inter-correlation analysis to identify the correlation (positive or neg ative) between the factors. Results indicate a significant effect of the cognitive resources of the users on most of the acceptance dimensions (every variable except safety perception). Inter-correlations show negative relation between these factors (all the r <-0.22; all the p < 0.07), indicating that the more cognitive resources are deteriorated, the more tech nology is accepted. Regarding sensory resources, we can observe a significant relationship with some dimensions (hedony, appeal ingness, social influence, and the total score of acceptance), with a positive correlation (all the r >0.25; all the p < 0.05). This result implies that the more sensory aptitudes are diminished, the more technology acceptance is low.
Globally, these results highlight the constant improvement of user acceptance, showing that users are comfortable with the technology and confident that they can handle their interactions with it. Fur thermore, we observed a better acceptance when users have poor cognitive resources and mild sensory decline, showing that the sys tem does not require many resources to interact with it.
User satisfaction. We administered the QUEST questionnaire to measure user satis faction about the technology after 1.5, 3, 4.5 and 6 months of usage experience.
We observed that the satisfaction score was already high for all of our participants after 1.5 month of use (the mean score is 4.28 for a max score of 5), and did not statistically differ over time (ANOVA: F(3.53) = 0.41; p = 0.75).
By doing the same statistical design as above (i.e., ANCOVAs with cognitive and sensory resources as covariant), we only ob serve a significant effect of cognitive resources on satisfaction score (F(3.53) = 4.68; p = 0.035), with a negative correlation (r = -0.29; p = 0.03), indicating that users with low cognitive resources are more satisfied with the technology.
Overall, participants exhibit a high satisfaction score regarding our technology, and this satisfaction remains constant over a period of six months. Moreover, this satisfaction score is further enhanced for users with poor cognitive aptitudes, and remains unchanged for user with declining sensory resources.
DISCUSSION
This paper presents our approach to scaling up assistive services by homogenizing notifications. We measured during a six-month study the evolution of the effectiveness, learnability, and acceptance of our platform embedded in the daily life of fifteen older adults. Moreover, we assessed the relation of such variables as users' abili ties (i.e., cognitive and sensory resources).
Our results indicate that unifying notifications allows the user to be fully acquainted with the interactions of our platform. This ac quaintance improves over the study period, in terms of effectiveness, learnability, and acceptance.
Regarding effectiveness and learnability, we observe an effective acquaintance with the platform, irrespective of the cognitive and sensory resources of the users. This means that this platform is suitable for the interaction abilities of older adults. Interestingly, the learnability performance reveals that the time to be-performed task for critical notification condition is longer than the time for non-critical condition during the first period of technology use (1.5 months). Thus, the older participants have given more processing time for critical notifications as expected, considering the potential consequence for the participant. In other words, the critical and non critical notifications are accurately distinguished by the participants and thus, they are processed according to their nature [22] . The increasing practice of the system allows the user to automate the process, resulting in an equivalent handling time for both notifica tion types, after three months. This is even more evident when con sidering that critical notifications require more time to be handled by the participants since an action has be taken in the environment.
Furthermore, our results highlight a better acceptance for users with poor cognitive resources, particulary regarding ergonomy and hedonism. Thus, it seems that this platform effectively match older users' needs by offering services assisting cognitive decline [12] (e.g., entry door monitoring or appointment reminders).
Concerning sensory abilities, we observe a lower acceptance for users with diminished sensory abilities, particulary for the dimen sions of appealingness and social influence. This result could be explained by the fact that our platform use multi-modal notifica tions (i.e., tone, text, specifc colors and shapes). This approach could discourage users with a visual and/or auditive decline from adopting the technology To the best of our knowledge, there is no study aiming at scaling up assistive services by unifying notifications. Furthermore, there is no study measuring the effectiveness and learnability of a user interface that operates a range of assistive services in an ecological setting. Such study provides insights on how to increase the number of assistive services, without increasing their cognitive cost. More globally, our work provides some of the first empirical evidence that an assisted living platform can range over the domains of assisted living, without overwhelming older adult users [34] , as shown by our results on user acceptance and satisfaction.
The design of our notification system has leveraged the litera ture on notifications (e.g., [36, 26] ) and the design principles and guidelines for technology when targeting older adults [12] . As well, we have taken into account the specificities of older adults related to their susceptibility to stimuli [40] , the cognitive cost of tech nology [7] , and a suitable model to measure their acceptance of technology [15, 7] .
Limitations
Notifications are simple and may appear as lacking expressiveness. An analogy could be drawn between these notifications and text messages on a cell phone. Although this analogy oversimplifies our approach, it captures the idea that we provide a way for a variety of assistive services to deliver uniform messages to the user. This is a powerful medium to support independent living of a declining older adult without overwhelming them. Still, we are continuing the analysis of existing and new services to determine how wide a range of assistive services can be captured by our notion of notifications, and whether and how they could be enriched without incurring a cognitive cost.
Task-specific interactions are not studied. Our goal was to concen trate on the interactions that matched a common pattern, which was recurring in the usage of assistive services. Our participants ac cepted the way interactions of assistive services are structured as a result of our proposed decomposition. In any case, we plan to further analyze task-specific interactions using domain engineering, from software engineering, by identifying their commonalities and variabilities.
Notifications are only implemented for tablets. We have not yet ex plored our approach beyond tablets. In our platform, this device is stationary and always on, ready to deliver notifications. This may have been reassuring for our participants because when hearing the tone of a notification, they knew where to go to handle it. Using a TV is more difficult because it is not always one. If the platform were able to turn it on, it could be disturbing for the user.
Perspectives
Towards a methodology to design notifications for older adults. When developing assistive services, we examined existing assistive systems and the wide range of design strategies adopted by other de velopers regarding notifications. When notifications are recurring, this diversity gets the user confused or/and frustrated. Our approach is a step towards enabling the developer of an assistive service to use our approach as a methodology to define the notifications. The API offers a layer that abstracts over some of the implementation requirements of interacting with an older adult users (auditory, vi sual). We want to explore this issue further. In particular, we would like to conduct a study that consists of comparing the development of assistive services, with and without our approach.
Enriching notifications. When analyzing existing assistive services, we identified a need for a notification that would inform the user about the progression of a task being performed. This could be used in multi-step tasks, such as taking pills, personal care, and meal preparation. Typically, this information could be delivered visually as a progress bar. The application monitoring the task could use an extended API to provide the user with a feedback, whenever a notification with the environment is detected via sensors.
Leveraging the simplicity of notifications.. There is a range of users that could benefit from the simplicity and homogeneity of notifica tions. This includes users with intellectual deficiencies, age-related neuro-degenerative diseases (e.g., Alzheimer, Parkinson) and neu rological disorders (e.g., traumatic brain injuries, cerebral vascular diseases). In the coming months, we are initiating a project aimed at providing an assisted living platform for adults with Down syn drome.
CONCLUSIONS
In this paper, we presented an approach to scaling up assistive services and address the increasingly many needs of older adults with cognitive decline. Our approach consists of decomposing the user interactions of assistive services into two categories: notifica tions and task specific. We observe that notifications are often the recurring interactions and they can be homogenized to lower the cognitive cost of assistive services. We propose an API to imple ment notifications in assistive services. We validate our approach by applying it to a range of existing and new assistive services.
Our approach is implemented in an assisted living platform. No tifications are supported by a tablet. This platform has been de ployed at the home of 15 older adults. A six-month study has shown the effectiveness and learnability of the notification system of our platform, irrespective of the cognitive and sensory resources of the users. Additional results showed that our assisted living platform has achieved high user acceptance and satisfaction.
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